To study the mechanism of lipoprotein lipase (LPL) regulation by exercise, we recruited 16 healthy athletes to undergo a 2-wk period of detraining. Fasting fat and muscle biopsies were performed both before and after the detraining period. In muscle, detraining resulted in a decrease in LPL activity in both the heparin-releasable (HR) (-45%, P < 0.05) and cellular (ex- Triglyceride-derived FFA are taken up by tissues through the action oflipoprotein lipase (LPL)'(1), which is found predominantly in adipose tissue and muscle. In human adipose tissue, little FFA is synthesized from glucose, and therefore LPL is an important enzyme for lipid storage (2). In contrast, muscle uses FFA for oxidation (3). The LPL found in both adipose tissue and muscle contributes to the clearance of circulating triglyceride-rich lipoproteins.
Introduction
To study the mechanism of lipoprotein lipase (LPL) regulation by exercise, we recruited 16 healthy athletes to undergo a 2-wk period of detraining. Fasting fat and muscle biopsies were performed both before and after the detraining period. In muscle, detraining resulted in a decrease in LPL activity in both the heparin-releasable (HR) (-45%, P < 0.05) and cellular (extractable IEXTI) (-75%, P < 0.005) fractions, with no significant changes in LPL immunoreactive mass and mRNA levels. However, several subjects demonstrated parallel decreases in LPL mass and mRNA levels with detraining, suggesting that there is some degree of heterogeneity in response. In adipose tissue, detraining had the opposite effects on LPL activity. In the HR fraction, detraining resulted in an 86% increase (P < 0.005) in LPL activity, which was paralleled by a 100% (P = 0.02) increase in HR mass. However, there was no significant change in EXT LPL activity or EXT LPL mass. There were no changes in adipose LPL synthetic rate or LPL mRNA levels with detraining. The ratio ofadipose tissue /muscle LPL, which may be an important indicator ofthe tendency for storage of circulating lipids in adipose tissue, increased significantly after detraining. The adipose/muscle LPL ratio was 0.51±0.17 in the exercising runners, and 4.45±2.46 in the same runners after detraining (P < 0.05). Thus, detraining of athletes resulted in a decrease in muscle LPL that occurred through posttranslational mechanisms, whereas adipose tissue LPL increased, also due to posttranslational changes. This Receivedfor publication 12 February 1993 and in revisedform 26 May 1993.
Triglyceride-derived FFA are taken up by tissues through the action oflipoprotein lipase (LPL)'(1), which is found predominantly in adipose tissue and muscle. In human adipose tissue, little FFA is synthesized from glucose, and therefore LPL is an important enzyme for lipid storage (2) . In contrast, muscle uses FFA for oxidation (3) . The LPL found in both adipose tissue and muscle contributes to the clearance of circulating triglyceride-rich lipoproteins.
Previous studies have examined the effects of exercise on LPL activity, using a number of different exercise regimens (reviewed in reference 4). Studies of endurance training in human subjects showed significant increases in LPL activity, both in skeletal muscle and adipose tissue, as well as in postheparin plasma. Weight loss also yields increases in adipose LPL (5), however, and many studies of exercise did not control for weight loss during the exercise regimen. Kiens et al. (6) studied six healthy men in which LPL activity was measured in the knee extensors at rest and after 8 wk of training of one leg, while the other leg was not exercised and served as a control. They found a 70% increase in LPL activity in the trained leg compared with the nontrained one.
A number of previous studies have examined the mechanism of LPL regulation, and have discovered that LPL may be regulated at multiple different cellular sites (7) . This study was designed to examine the mechanism of regulation of LPL by exercise in adipose tissue and muscle. As described below, short-term changes in exercise altered LPL activity in both tissues through posttranslational changes. Methods Recruitment ofstudy subjects. 16 subjects (10 men and 6 women; age, 37±2 yr) were recruited for this study, and their characteristics are shown in Table I . All subjects were in good health, were taking no medications, and were running 2 32 km/wk, or performing an equivalent amount of aerobic exercise (one subject bicycled -600 km/ week). 6 of the 16 subjects ran a marathon within 1 mo preceding the study. To participate in the study, the subjects had to agree to detrain for 2 wk, and gave informed consent to the procedures. Detraining entailed no aerobic exercise, but just activities of daily living. Compliance with these instructions was judged to be excellent. This protocol was approved by the Internal Review Board of Cedars-Sinai Medical Center, and subjects gave informed consent to the procedures.
2 d before the biopsies, all subjects were placed on an isocaloric diet consisting of 50% carbohydrate, 20% protein, and 30% fat, which was in all cases very similar to subjects' standard diet. Subjects presented to the clinic after a 12-h fast. A 3-d diet record was kept before each study to account for compliance. The fat biopsies were performed under local anesthesia, using a 2-3-cm incision in the lower abdominal wall to obtain 3-4 g of fat, as described previously (8) . The muscle needle biopsy was performed under local anesthesia in the thigh and removed 200-300 mg of muscle from the vastus lateralis. A portion of the excised tissues was placed into iced PBS and processed immediately for LPL activity, immunoreactive mass, and synthetic rate, as described below. A second portion ofthe tissues was immediately frozen in liquid nitrogen and stored at -70'C for subsequent RNA isolation. In addition, blood samples were obtained for lipids, glucose, and insulin. In a subgroup of the study subjects, body composition was also measured by bioelectrical impedance (9, 10) , which would be expected to detect a 3% change in lean body mass (9) . After 10-14 d of detraining the subjects were placed again on the same standardized diet and the same procedure were repeated. All subjects tolerated the procedure well.
Measurement ofLPL activity. LPL catalytic activity was measured in two fractions, as described previously: the fraction released by heparin (HR), as well as in the fraction remaining after heparin release that was found in cell extracts (EXT) (11) . In brief, adipose tissue and muscle were minced and incubated in PBS containing 13 Mg/ml heparin (Fisher Scientific Co., Pittsburgh, PA) for 30 min at 370C. An aliquot of this buffer was then assayed as described below. The cells were then washed and the EXT fraction was prepared by homogenizing the cells in buffer containing deoxycholate and heparin, as described previously (11) . LPL activity was then measured in the supernatant after centrifugation at 3,000 g.
LPL activity was determined as described previously (12) LPL immunoreactive mass. The measurement of LPL immunoreactive mass by ELISA has been described previously (11, 14) . In brief, samples for LPL immunoreactive mass were prepared as described above for LPL activity, except for the presence ofprotease inhibitors (1 mM PMSF, 1 mM benzamidine, and 1 mM EGTA) in all the buffers. The sandwich-type ELISA uses affinity-purified chicken anti-bovine LPL antibodies (14) as a capture antibody. After addition ofsample or bovine LPL standard, LPL is quantitated by the addition of biotinylated affinity-purified anti-LPL antibody, followed by streptavidin-peroxidase. The concentration of LPL in the samples was then calculated using the standard curve for bovine LPL, and expressed as ng/ 106 cells or ng/g for adipose and muscle, respectively.
[I5S]Methionine labeling and immunoprecipitation. Adipose tissue was minced, washed three times with methionine-free medium 199 (Irvine Scientific, Santa Ana, CA), and incubated in the same medium for 1 h at 370C in preparation for radiolabeling. The tissue was then labeled with 50 1Ci of [33S]methionine for 30 min. Lysis buffer was then added to give a final lysate concentration of0.02 M sodium phosphate (ph 7.5), 0.2 mM NaCl, 2% (vol/vol) Triton X-100, 1% (wt/ vol) sodium deoxycholate, 0.2% (wt/vol) SDS, 5 mM EDTA, and 1 mM PMSF. The samples were immunoprecipitated, as described previously (15, 16) , and analyzed using a 10% SDS-polyacrylamide gel. After autoradiography, the intensity of the bands was quantitated by laser densitometry using a soft laser scanning densitometer (SLR-2D/ ID; Zeineh, Fullerton, CA). To control for minor differences in labeling conditions between biopsies, as well as for isotopic decay ofthe "S, an aliquot of adipose tissue extract was precipitated with TCA at the time of immunoprecipitation and SDS-PAGE. The immunoprecipitates were then loaded onto the gel in proportion to the total TCA-precipitable counts.
RNA extraction and Northern analysis. RNA was extracted using the method of Chomczynski and Sacchi (17) , as described previously (16) . Similar amounts oftotal RNA (confirmed by ethidium bromide staining) were resolved on a 2.2 M formaldehyde-1% agarose gel, transferred to nylon membrane (Hybond-N; Amersham Corp., Arlington Heights, IL), and blotted with the 32P-labeled (18) cDNA probes for human LPL (19) , gamma-actin (20), as described previously (8) . The images from the Northern blots were quantitated by densitometry using a soft laser scanning densitometer (SLR-2D/ ID; Zeineh). Because the ratio of actin mRNA to total cellular RNA usually remains constant, actin cDNA hybridization permitted accurate comparisons between samples. Statistics. All data are expressed as the mean±SEM and were analyzed nonparametrically using the Wilcoxon matched-paired signedrank test for paired data, and the Spearman rank-order correlation test.
Results
Characteristics of the patients are shown in Table I 83±15 mg/ 100 ml). Fasting serum insulin levels increased slightly, but significantly, after detraining, from 11.3±0.9 to 14.1±1.3 AU/ml (P < 0.05).
In muscle, detraining resulted in a significant decrease in both HR and EXT LPL activity, although the changes were greater in the EXT fraction (Fig. 1 A) (Fig. 1 B) , either in the HR fraction (from 10.80±2.63 to 14.11±5.04 ng/g) or EXT fraction (from 120.49±21.56 to 114.83±25.58 ng/g).
RNA was extracted and Northern blots were performed in 14 subjects, and representative Northern blots are shown in Fig. 2 A. Overall, there was no significant change in LPL mRNA levels, when expressed in relation to either total RNA or gamma-actin. In the two representative subjects shown in Fig. 2 A, there were no changes in LPL mRNA or LPL mass, in spite ofa decrease in LPL activity. The autoradiographic bands of the Northern blots were quantitated by laser densitometry, and Fig. 2 B shows no change in LPL/gamma-actin ratio after detraining.
Although there was no change in mean LPL mass or mRNA levels in muscle with detraining, several subjects demonstrated parallel decreases in LPL activity, LPL mass, and LPL mRNA levels. This is illustrated with the two subjects shown in Fig. 3 . The subjects who demonstrated these changes were not different from the other subjects in any identifiable way. When LPL mass and mRNA levels were examined in all subjects, LPL mass appeared to be determined in part by the changes in mRNA levels. As shown in Fig. 4 , there was a significant correlation between the change in LPL mRNA level and the change in LPL mass (r, = 0.690, P < 0.02).
In adipose tissue, detraining had the opposite effect on LPL activity (Fig. 5 A) (Fig. 5 B) .
To further examine the mechanism of LPL Total LPL Mass (% of control) Figure 4 . Relationship between muscle LPL mass and mRNA levels. The linear regression between the change in total LPL immunoreactive mass and the change in LPL/actin mRNA ratio is shown. The change is expressed as a percent of the value when "trained." The regression line is based on 12 subjects from whom there was complete data.
mRNA levels after detraining, when compared with gammaactin mRNA levels (middle and bottom). Fig. 6 B shows the LPL/actin mRNA ratio from adipose tissue, standardized to the LPL/actin ratio from the first biopsy. Dietary lipid is catabolized by LPL, and therefore the relative proportion of LPL in muscle vs. adipose tissue should be important in determining whether lipid is stored in adipose tissue, or catabolized in muscle. Therefore, the adipose/ muscle LPL activity ratio may be important as an index ofthe propensity for storage of the lipid in adipose tissue. A high ratio would favor diversion of lipid to adipose tissue for storage, whereas a low ratio would favor diversion oflipid to muscle for oxidation. When we examined this ratio in the runners, there was a significant increase in adipose/muscle LPL after detraining in all the LPL fractions (Fig. 7) . The adipose/muscle total LPL ratio was 0.51±0.17 in the trained runners, and increased to 4.45±2.46 in the same runners after detraining (P < 0.05).
Discussion
LPL is present mainly in adipose tissue and muscle, and is a key enzyme in the uptake of FFA from plasma triglycerides. In human adipose tissue, little of the lipid found in the storage droplet is synthesized de novo, but instead is derived from FFA of hydrolyzed triglycerides (2, 21, 22) , therefore making LPL an important enzyme for lipid storage. In contrast, muscle uses FFA from circulating triglycerides for oxidation (3) .
The effects of exercise training on LPL activities have been previously reported both in experimental animals and humans. In animals, the results have been inconsistent. Borensztajn et al. (23) found a significant increase of LPL activity with exercise in tissue homogenates of all fiber types of skeletal muscle. In contrast, other investigators were unable to find any difference in LPL activity of either muscle or adipose tissue between trained and sedentary rats (24) (25) (26) . Oscai et al. (27) found a significant increase of the intracellular fraction of muscle LPL, with no change of the HR fraction during strenuous exercise in rats. On the other hand, in obese Zucker rats, training produced an increase in HR in both muscle and adipose tissue (28) . (33) (34) (35) . The mechanism of regulation of LPL is complex, and previous studies have noted changes in LPL at the level of LPL mRNA (5, 15, (36) (37) (38) (39) (40) (41) , LPL translation ( 16, (42) (43) (44) (45) , and LPL posttranslational processing (8, 42, 43, 46, 47) . Previous studies have not examined the mechanism of regulation of LPL by exercise, so we attempted to determine whether the changes in LPL activity observed in trained subjects were due to an increase in LPL mRNA levels, or secondary to posttranslational effects.
In this study, we recruited well-trained subjects and measured adipose tissue and muscle LPL before and after [10] [11] [12] [13] [14] (5, 49) . This study did not attempt to examine the effects ofacute exercise. Since the first set of studies were performed 24 h after the last bout of exercise, the subjects had predominantly recovered from the exercise, but were still reaping the metabolic benefits. The subjects were likely at their peak of insulin sensitivity at the time of the first biopsy, and significantly less insulin sensitive after detraining (50, 51 ).
The regulation of LPL in adipose tissue and muscle has important implications for the disposal oflipoprotein-triglyceride. Because of the ability of LPL to divert triglyceride-lipid either to storage in fat or to oxidation in muscle, conditions that tend to increase adipose LPL or decrease muscle LPL would be expected to result in a shunting of circulating lipid towards storage in adipose tissue, and hence favor the development of obesity. Although this study did not examine obese subjects, exercise is widely held to be essential for weight maintenance after weight loss. In addition to the beneficial effects of exercise on energy consumption, this study would suggest that exercise also decreases the adipose/muscle LPL ratio, which would tend to prevent adipose lipid accumulation by partitioning more lipoprotein lipid into muscle for oxidation.
In summary, exercise detraining in athletes resulted in an increase in adipose tissue LPL and a decrease in muscle LPL, and both of these changes occurred posttranslationally, even though a transcriptional regulation may also occur in muscle in some subjects. In these athletes, detraining resulted in changes in LPL in adipose tissue and muscle that would be expected to favor the development of increased adiposity. 
